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1. Introduction

A research program is presehtly under way at the High Energy Physics
Laboratory (HEPL) to develop total absorption nuclear cascade (TANC)
detectors for hadrons, both charged and uncharged, at super-high energies.
Similar work, also at HEPL, has already demonstrated the very attractive
characteristics péssessed by total absorption shower counters (TASC) for
electrons and y-rays at high energies (see references 1 and 2 attached).
These properties include 100% detection efficiency, large acceptance
aperture , wide dynamic rangé, stability and simplicity of operation,
fast time response and, not least, an excelient energy resolution. Monte
Carlo calculations5 lead us to expect that the propertiss cf the TANé
detector will parallel quite closely those of the TASC. At lbO GeV,
for example, a TANC detector 7 nuclear ebsorption units in length and
% absorption units in diameter should be able to define the energy of an
incident hadreon to 5% (FWHM). We propose to test at the National Acceler-
ator Laboratory (NAL) a TANC detecior which is already under consiruction
at HEPL, and to apply this detector to physics experiments at NAL. This
detector will be particularly.suited to experiments demanding the detec-

tion and measurement of neutral hadrons.

detector development program, and ve

has comparable potential at NAL energies. The most obvicus alternative
€

s ths ionization calorimeter. This iz basically a sampling d
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reliable guantitative comparison between the TANC detector and the ioniza-

tion calorimeter at NAL energies has not yet been made and will probably

have to await the availability of the high energy test beams at NAL.

2.

TANC Detector Development Program at HEPL
The aims of the current research program at HEPL include the following:

(a) The constructicn of a NaI(Tl) TANC detector 7 nuclear absorption
units (~ 100 inches) in length and 2 absorption units (30 inches)
in diameter. This detector will probably be available late in

1971 and will be initially tested at SLAC.

(b) A systematic study of the nuclear cascade process, both experi-
mental and theoretical, in order to learn how best to construct

a TANC detector.

(¢) An investigaticrn of the informatiorn %o be gained from image
intensifier photographs of the nuclear cascade in NaI{T1l).
This should provide information on the incident hadrorn direction

and possibly help to distinguish betwsen different hadrons.

e

In addition, one of the participants in this proposed Yesedrch

b

program 1s currently engaged in a search for new scintillation raterials

ip

which may be preferable to NaI(Tl) for TANC detectors. One possibility

see referencs U4 gitached) is thellium ckloride, which is 1.9 times more
J

dense than lMaI{Tl) and should meke possible TANC and TASC detectors
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4.  Proposed Experimental Program at NAL

We propose, as Phase I of our experiment, to calibrate a large NaI(T1)
TANC deteclor at NAL up to the maximun energy possible using a momentum-
analyzed proton beam. It will also be interesting and desirable to cali-
brate the detector in a pion beam.

The most obvious experimental applicationsof a calibrated TANC detector

at NAL are the following:

(a) To survey the yields of y-rays and neutral hadrons in secondary
beams. Measurements of this type are presently being made at
HEPL using TASC detectors, and preliminary studies have been

made at SLAC.

{(b) To measure neutron and KLO total cross sections as a function
of hadron erergy. We have already made such measurements at
SLAC (see reference 5 attached), using time of flight (and not
a TANC detector) to identify and to define the energy of the
hadr&n. The time of flight technique will rot be possible at

WAL and the use of a fully develcped TANC detector will be

essential.

We propose, as Phase IT of our experiment, to measure n=zutreon and
., D s - : . \ . .
éL total cross sections on hydarogen and deuterium as 2 function of hadron

energy - These measurements will require substantially pure neutron and

o] n 4 , . s . L .
K.~ beams, or the development of a technique for distinguishing petwsen

pa]

those two beam components. We would be interested in discussicns with

”)

the NAL stalf aimed av developing the best experimental approach,as ws



Y
becone more familiar both with the properties of the TANC detector itself -
and the characteristics of the neutral beams at NAL. It is also very
likely during thié process_that we will identify other appliéations of
both TANC and TASC detectors at NAL. Such appliéations'might also

emerge from our current_reseafch program in neutral beams at SLAC.
L. Experimenteal Arrangements

Phase I of the expecriment can be conducted in check-out of test beams.
It is difficult to estima%te the total amount of beam fime requiged but
we would expect a need for several days, not necessarily in one continuous
run.

We anticipate that the experimental arrangement and procedures for
Phase II of the experiment will be quite similar to those described in
reference 5 (with the substitution, of course, of & TANC detector as
the primary hadron detector). Ligquid hydrogen and deuéerium targets
approximately one meter in length will be required. The measurements will
be made by the good geometry ftechnique and the targets will be rotated
in and out of the beam at frequent intervals. The total bean time
employed will be guite short. Assuming a neutral hadron flux of
th/sec/lO GeV/c , measurerents of an adequate statistical precision can
be obtained in a matter of hours. In practice several days will probably
be required for testing and several more for the systematic accumulation
of satisfactory data. With the exception of sweeping magnets and beam

collimators, all of the experimental apparatus can be supplied by HIFL.
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Nal(Tl) Total Absorption Detector for Electrons and y-Rays

at GeV Energies
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W= wish to report a new and successful demonstration of
the use of total absorption shower detectors for electrons
and y-rays in the GeV energy range. Such detectors have
the following attractive properties: (a) 100 per cent
detection efficiency;. (b) good energy resolution; and (c)
large dynamic range. Furthermore, there is virtually no
upper limit to the energy dstectable by this means
because the size of the detector varies only logarithmically
with the energy of the incident electron or y-rayt.

Total absorption y-ray detectors?, in which a large block
of scintillator produces a light pulse proportional to the
y-ray energy, are frequently used in nuclear physies for
y-ray energies up to several tens of MeV. The absorbing
material is often Nal(Tl), which has an excellent scintilla-
tion yield, a high density (3-67 g em-3) and a correspond-
ingly small radiation length (~ 1 inch). The use of NaI(Tl)
total absorption detectors at higher energies? has not
become common, .principally because of the required
absorber size. Until the work reported here the properties
of such detectors in the GeV range have remained totally
unexplored. On the other hand, the absorber size needed
at GeV energies can be deduced from both ealeulations?
and measurements* of the electron-photon cascade, and
Nal(Tl) erystals of the appropriate size are now available.
We describe here the response of a suitably large NaI(Tl)
total absorption detector to electrons, and therefore y-rays,
in the range 4-14 GeV.

The detector under discussion consists of six separate
Nal(Tl) erystals, ranging in size from 11-5 inches to 13
inches in diameter and from 3-75 inches to 7 inches in
thickness. Each crystal is sealed in a thin alumininm case
and viewed radially by four RCA 8054 or 8055 photo-
multipliers. A photograph of one of the crystal assemblies
is shown in Fig. 1. The six crystals are mounted coaxially
to simulate one large orystal 27 inches (approximately 27
radiation lengths) thick. In the tests to be described, the
crystals were placed in a momentum-analysed, negatively
charged, 3° secondary beam at the Stanford Linear

- Accelerator Center. This beam was produced by bombard-
ing a Be target with 16 GeV electrons and consisted pre-
dominantly of electrons over the whole range of secondary
momenta. The monochromatic target image size of the
beam was 0-73 inchx 0-75 inch at the position of the
erystals and the horizontal momentum. dispersion was
17 inch/per cent. A 4 foot steel collimator with a hori-
zontal aperture of 0-5 inch was placed immediately in
front of the crystals and allowed the beam particles to
pass down the axis of the detector. The momentum
spread in the accepted beam, essentially determined by
the finite target size, was therefore ~0-4 per cent.

The experimental apparatus is shown schematically in
Fig. 2. Signals from the photomultipliers on each erystal
were passively mixed and subsequently mixed with the
signals from each of the other erystals to provide a single
output pulse. The decay time of each photomultiplier
pulse was ~ 250 ns, characteristic of Nal(Th), but the sum
pulse was shaped during amplification to a symmetric

A total absorption Nal(T!) detector can be used to define the energy
of an incident electron, or y-ray, to a precision of | to 2 per centin
the range of 4 to 14 GeV.

pulse of ~ 250 ns full width at half maximum. Although
the signals from the crystals can easily be clipped to a
half-width comparable with the rise time of the photo-
multipliers (~ 15 ns), no attempt was made to optimize
the speed of the detector in the measurements to be
described. Plastic scintillators S, (2:5 inches x 2:5 inches)
and 8, {0-5 inch x 0-5 inch) were used to define the incident
beam and scintillators V, and V, to reject unwanted
off-axis particles. Coincidences between S, and 8, were
used to open a 300 ns linear gate to pass the amplified
analogue pulse from the NaI(Tl) crystals into a 256 chan-
nel pulse height analyser. The circuitry shown in Fig. 2
was used to prevent the gate opening more than once
during each beam burst (1'5 us) and to avoid recording
pulse heights cither (@) when two 8,8; coincidences
occurred within 300 ns of each other, or (b) when an
off-axis particle was detected by V, or V, either within
2 us immediately preceding the coincidence or following
the coincidence but within the 500 ns gate.

Fig. 3 shows the pulse height distribution observed

ot

i

Fig. 1. A photograph of an NaI(T}H erystal 13 inches in diameter and
7 inches thick, showing the crvsial mounting., This crystal is viewed
by four 5 inch BCL 3035 photomuitiplivrs,



%) Straggling in the crystal casings. The
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Fig. 2. Schematic diagram of the experimental appdratus and of the associated electronics.

when 8 GeV electrons are incident on the crystals. Fig. 4
shows the dependence of the resolution on electron energy
in the range 4-14 GeV, and Fig. 3 shows the linearity of the
relation. between pulse height and electron energy. In
preparing for these measurements the detector required
one simple adjustment, the equalization of the gains of
the six crystals relative to each other in order to compen-
sate for the fluctuations in shower development. This was
done by passing 8 GeV pions through each crystal in turn
and normalizing the photomultiplier gains to the sharp
edge in the Landau straggling distribution, corrected for
the different crystal thicknesses. This method of equaliza-
tion was checked by observing an electron peak and
optimizing the photomultiplier gains to obtain the
minimum peak width.

It is apparent from Fig. 4 that the observed resolution

at all energies is clearly larger than that due to the
spread in the beam momentum (~90-4 per cent). We
consider the following additional sources of resolution.

(@) Photon statistics. Taking the number of photo-
electrons produced at the photocathode to be ~ 3/keV,
a 6 GeV electron will result in 3 x 107 photoelectrons. The
statistical fluctuations in this number are extremely small
(~ 0-04 per cent FWHM).
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Fig. 3. The pulse height distribution observed when 8 GeV electrons

are incident on the detector. The zero of the ab3acissa is offset to illustrate

the peak shape. The curve is o Gaussian peak shape normalized to the

height and width of the experimental distribution. This comparison is
typical of the energy range 4 to 14 GeV.

Carlo calculations of Vélkel®.  These
caleulations show that in the range 4 to
14 GeV a constant fraction, approximately
2-2 per cent, of the incident energy escapes
from the erystal volume and that this
escape is almost entirely radial. The
radiation escaping is in the form of v-rays
and the spectrum of the escaping radiation,
which peaks around 1. MeV, is essentially
independent of the incident electron
energy. These results imply a resolution
due to leakage of 0-6 per cent (FWHM) at
4 GeV and 0-3 per cent at 12 GeV. These
figures are not in good agreement with the
measured values but do exhibit the
observed improvement in the resolution
with increasing energy.

(d) Photo-neutron production. Neutrons produced dur-
ing electromagnetic showers initiated at GeV energies
have been measured by Bathow et al.’. These results
suggest that an average of 2-7 neutrons are produced
during each 6 GeV shower and that this rate is dominated
by photoproduction at the giant dipole resonance at
15 MeV vy-ray energy. If, as expecteds, the total track
length for 15 MeV v-rays varies linearly with the incident
energy, the expected resolution due to neutron production
is 12 per cent (FWHM) at 4 GeV and 0'7 per cent at
14 GeV. These estimates, which also predict an improve-
ment in the resolution with increasing energy, must,
however, be regarded as upper limits because each neutron
has to traverse approximately one nuclear mean free path
before it can escape from the crystal volume. A fraction
of the energy expended in neutron production may there-
fore be returned to the crystal and the calculated resolu-
tion correspondingly improved. Nevertheless, until more
is known about the production and reabsorption of
neutrons in NalI(T!), photo-neutron production must be
regarded as a possible source of a significant part of the
observed resolution.
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We do not consider other sources of resolution, such ag
saturation effects in the photomultipliers dmmtr fluctua-
tions in the shower development and ~variations in the
light collection efficiency throughout the crystal volume.
These offects are difficult to estimate but cannot be ignoreds
at the level of resolution with which we are concerned. It
is apparent, however, from tests performed by moving a
80Co y-ray source across one of the crystal facos, that the
umfornnty of the light collection efficiency is remarkably
good. A change of less than 2 per cent was observed in
the mean pulse height of a $°Co peak (FWHM ~ 6 per
cent) over 85 per cent of the crystal face. Neverthe-
less a reliable estimate of the limits to the resolution set
by the light collection efficiency will require a careful
study of the optical characteristics of these large erystal
assemblies.

In summary, we find that a total absorption NaI(Ti)
detector, approximately 11-5 inches in digmeter and 27
inches long, can be used to define the energy of an incident
electron, or y-ray, to a precision of ~ 1-2 per cent in the
range 4 to 14 GeV. We also find that this resolution is
maintained over a circle of 7-8 inches diameter centred
about the detector axis for electrons incident normal to
the crystal face and that the resolution deteriorates by
only a factor of two as the spectrometer length is reduced
to 15 inches. We have not clearly identified the source of

the observed resolution and cannot therefore define the -

limiting resolution which might eventually be achieved
with this type of spectrometer. This conclusion depends,
of course, on the reliability of the present Monte Carlo
caleulations on shower development, particularly at large
depths in the absorber and at large distances from the
shower axis and also at secondaty photon energles as
low as ~ 1 MeV. Finally, we note that the energy resolu-
tion already achieved by the NaI(Tl) detector in the GeV
range is clearly superior to the alternative methods of
total absorption which have been reported. These include
lead-scintillator sandwich counters (21-6 per cent (FWHM)
at 1 GeV and 7-6 per cent at 4 GeV)?, and crystalline lead
fluoride Cerenkov counters (7:5 per cent (FWHDM) at
4 GeV and 55 per cent at 14 GeV)s,

This work was supported in part by a US Office of
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No measyrement is available at 14 GeV,
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PROPERTIES OF A Nal(Tl) TOTAL ABSORPTION SPECTROMETER FOR ELECTRONS AND y-RAYS AT GeV ENERGIES

E. B. Hughes, R. L. Ford, R. Hofstadter, L. H. O Netlltand J. N, Otts?
Department of Physics and High Energy Physics Laboratory
Stanford University, Stanford, California

In the past two years we have reported on the
properties of large NaI(Tl) crystals as total
absorption spectrometers foi Electrons and y-rays
in the range 0.1 to 1l GeV, ’® We have recently
made similar measurements on a NaI(Tl) spectro-
meter which is both larger than any we have used
before and assembled in a different way. 1In the
following paragraphs we indicate the fegults of
our initial tests,

The new spectrometer consists of three indiv-
idually grown NaI(Tl) Harshaw crystals, optically
cemented together, and mounted in a single alumi-.
num casing. Each segment is 16" in diameter and
8" in length. The overall dimensions are thera-
fore 16" in diameter and 24" in length. A sche-
matic diagram of the spectrometer and experimental
apparatus is shown in Figure 1. The crystal volume
is viewed by five 5" RCA 8055 photomultipliers
mounted on one end face, and the particle to be
measured enters through a 133" diameter, 1/18"
thick, aluminum window on the opposite end face.
The signals from these five photomultipliers are
summed to provide a single output pulse. Signals
are also available from four 2" photomultipliers
which are mounted In diametrically opposite
positions symmetrically located with respect to.
two of the crystal segments. The purpose of these
tubes is to permit some compensation to be made
for the different intrinsic scintillation yields
of the different crystal segments and for varia-
tions in the average light collection efficiency
along the length of the spectrometer. Consider-
ation was given during assembly to the choice of
matched crystal segments and to the minimization
of variations in the light collection efficiency,
but residual amounts of both effects are present,
This is apparent from Figure 2 which shows the
results gs a longitudinal survey made with colli-
mated Co ~ y-rays. A similar survey was also made
with 1 GeV electrons, incident perpandicular to
the axis, in order to establish the validity of
the result shown in Figure 2 along all trajectories
parallel to the spectrometer axis, :

Figure 3 shows the resolution observed as a
function of electrom energy, both for the main
photomultipliers alone and for an optimum degrea
of compensation using tha 2" photomultipliers.
This resolution is available for electrons incident
parallel to the axis and along all trajectories
which enter the crystal not less than 2" from {its
edge, At all energies for which measurements
were made, both at the High Energy Physics Labora-
tory and the Stanford Linear Accelerator Center,
the momentum spread in the incident electron beam
was less than 0.2k (FWHM). Figure 4 shows, for
example, the resolution observed at 7.5 GeV as &
function of a collimator aperture in a beam of
known momentum dispersion. The action of the
compensation photemultipliers 13 displayed in more

detail in Figures 5 and 6, This method of compen-
sation depends upon the selectivity of the response
of the 2" photomultipliers to light directly emit-
ted from the crystal segments to which they are
coupled. This 1s clearly demonstrated in Figure 7T

, which shows the resolution obtained using the com-

pensation tubes alone or in an optimum combination.

At this time we cannot point conclusively to
the source of the residual line-width. Qualita-
tively, however, the properties of the spectro-
meter are such that a considerable fraction of
the uncompensated resolution appears to be attri-
butable to the different intrinsic scintillation
yilelds and to a nonuniformity in light collection
efficiency, as exhibited in Figure 2. Moreover we
have no reason to expect that the present design
provides the flexibility to compensate exactly for
either of these two effects. We therefore think
it probable that a significant improvement in
resolution can be obtained with a spectrometer in
which the above two deficiences are reduced still
further.

While the performance of the present spectro-
meter is entirely adequate for many experiments in
high energy physics, and is approaching results
obtained with magnetic spectrometers, we are never-
theless continuing our efforts to develop a design
which possesses the best possible resolution.
Despite its limitations the resolution offered by
the present detector for energies less than 1 GeV

- is a factor of two better than we have observed
_ before,

At higher energies the improvement factor
decreases but is still a factor of 1.25 at 15 GeV.

It is worth noting that neither our experi-
mental tests to date nor the Monte Carlo calcu-
lations we have made on the electron-photon cas-
cade give any indication that fluctuations in
shower leakage, corresponding to escaping gamma
rays, make anything other than a minor contribu-
tion to the presently observed tresolution. For
example, at 1 GeV we have operated a NaI({Tl)
crystal in the shape of an annulus in front of the
present spectrometer. The dimensions of this
crystal were the same as those of the individual
segments in the spectrometer axcept for a 3"
diameter hole about the axis., Its purposs was to
detect back-scattered radiation, but no amount
significantly affecting the resolution was observed.
We have also made Monte Carlo calculations at 8 -
GeV to establish the expected resolution dus to
leakage from the sides and rear of the present
spectrometer but find both corpenents Wbe much smaller
than the resolution so far observed,
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Summary

Thalllum Chloride, actlivated with
todldes, has beon found_to sclintillate.
Photopeaks for the Cs'37 ,662 Mev gamma
energy have been obtalined with several
crystals, while many other TICI| crystals,
prepared with dlfferent lodldes of vary-
ing low concentration show smaller scin-
tillation response.

Puise helght varies with the activa-~
tors used, The conslstently largest out-
put to date Is measured for TiCi(Be,l),

A maximum pulse helght of 2.5% relatlive
to Nal(Tl) has been measured. The best
resglution value Is 42% at .662 Mev for
csl37 The gamma ray excited lumlines-
cence agrees remarkably wel!l wlth the
temperature Inptrinsic luminescence of
TiCI at 4650 &, A scintillation decay
time of 0.2 microseconds Is obtained.

low

Having good mechanlical and thermal
she~k resistance, high density and the
hi st atomlc numbsr of any scintillator
knowh to date, lodide activated TICI
promisses to be an important new scintli-
lator, The scintlililation effliciency and
decay time are sufficient for consldera-
tion In high energy counters and spectro-
maters. '

Introduction

High energy detector size has becoms
a cruclai and challenging limltation.
The recent development of the total ab-
sorption technique! poses the requirement
of extramely ltarge CsI(TI!} or NaI(Ti)
crystal volumas. A higher 7 scintiltlator
would signiflcantiy reduce detector vol-
ume requirements and simplify reiated
systems raquircments such as structures
and photomuitipller arravs.

At low and Intermoedlate gamma ray
energles, the larger photofraction of a
high Z scintitiator retative to a com-
parable size NaI{(Ti) or CsI(Tl) detector
may be advantagecous aven with a ifow
light output and poor resofution, such
3s In countor applications. Optimistlic-
ailly, there Is the possibility that a
new high Z scintlllator with low scin-

89

94305

tillation efficlency may be Improved to
yteld good resolutlon at low energles for
spectrometry,

We report here the discovery of scin
tiitatlon In the high Z crystatl, Thallium
Chliorlde, activated wlth lodlde contaln~
ing compounds, The scintillation effl~-
clency and decay time are sufflcient for
consideration In high energy counters.
The performance at low energles is still
Iimlted by the low scintlilatlon effliclen
cy and resolutlon, but Improvements can
be expected with Improved growth and ac-
tivatlon techniques,

Undoped TICI has recelved practical
attention for optlcal applications, whers
Its hlgh index of refraction (2,400 at
.436u to 2,182 at 18.35¢) and transmis~-
slon range from ,40p to 30u are useful
for lenses and prisms., TICl 1s relatlive~
ly Insotuble and non-hygroscoplc, unllike
NaI(Ti!) which must be hermetically canned,
TiCl is soft and ductlle and has good
mechanical and thermal shock reslstance,

Because of Its high Z, density, ex-
cellent mechanical and chemical charac-
teristics, TICI Is an exceptionally at-
tractive scintillation host crystal.

Experlmentai Procedure

Over {50 crystais of undopsd and
doped TiC! were grown from the melf, _
starting with purified TiCl. Dopant com-
pounds, or In several |Instances, cation
elemants and lodine, were thoroughly
mixed with the TIC! powder prlor fo melt-
ing. :

Nominally 1/2 !nch diegmeter crystals
ware grown |n pyrex or quariz test tubes
in a controlied atmosphsore Stockbarger?
turnace, Both open tubes wlth an argon
atmosphers and sealed ampoules were used.
Atter growth, the crystais were annealed
to room temperature &t the rate of 5C?
to 10C°/hr.

Because of the survoy aspect of
thess Initlial doplngs, the crystals gen-



eralfy did not represent the optimum In
crystol perfection or homogenclty. Many
wore hoavily ovardopod as evlidenced by
cloudy and colorced hoel reglons. However,
In many cases, excoltent, clear, water-
vhite crystals woro obtalned, -

In even the worst cases, woe expect.
to have Introduced our dopants at low con-
centration levels. At this preliminary
polnt we can only refer to the "added"
molar concentrations rather than actual
concentrations, Our discussion of ro-
sults witl be confined to the effect of
dopant composltlon rather than concentra-
f‘on‘

Quantitative spectrographic analysis
of several of the crystals dld Indicate
the presence of the added lodlno iIn +the
hee! and cone reglons. The systematic
scintiifation results with varlous dopand
=catlons supports thelr presence In the
crystals In addlition to & few analyses,
Havlng concluded our survey, we are pres=
‘ently Investigating the actual dopant
concentrations for optimum scintiltlation
efficlency.

A1l Ingots were directly tested for

room temperatyre luminescence exclted by
Cob9 and Cs! gamma radlatlion to deter=-
mlne scintlllater candldates. An RCA

Quantacon C 310000 photomultipiler and
Harshaw 20008 integrating plcoammater
were used to detect ultra-iow [ight
levels,

Sclntlltatlion samples, typlcally

t/2 Inch dlameter and 1/2 inch long, were
carefully prepared from crystals shewing
positive luminescence., Opposite faces
were pollshed and cylindrlical surfacss
ware roughoned for diffuse refiection. .
The crystals ware couplaed to the photo-
multiptler tube with Dow Corning 20-057
stlicone grease and coverad with an alum-
Inum can, coated with an Al1203 reflector.
The tirst stags GaP dynode of the photo- .
multipiler provided Incressed sensitivity
and resolution. A Harshaw NB-12 preampii-
filer and 2 Harshaw NA-16 pulse shaping )
amplifler with slingle dliferentlation of
6.4 microsoconds were used with 3 North=
ern Sclentiflc 512 mujtichannsi analyzer,

Scintiilation efficlency was mea~
sured as pulse helght relative fo a Har-
shaw Type D cannod 1/2 Inch dlamater b¥ }
fnch long NaI{T!) crystal for the Csl2
662 Mev |lne, |

Of the crystais measured, 93 showed
posltlive D.C. lumlnascence response and
were tested for room temperature scint]i-
tatlon puise response fo Csi37 gammz ra-
diation. 66 crystais showed puises,
Osciitoscope photographs were obtalned

S6
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which wore holpful In determinling weak
pulses greater than .18% of NaI(TI), 43
scrystals had discernible Cs!37 662 Mev
photopoaks and muttichannel analyzer spoc-
trum curves wore used to obtaln FWHM res-

ofution values for ths ,662 Mev |lne.
Results
Filg. | summarlzes the scintillation

pulso helght response for the crystals
measured. Theo hlstogram shows tho pulse
ribution for both lodide and
non-iodide doped TICI with various dopant
catlons, Table | identlifles the dopant
composition code used In Fig. I,

We are unavle to astablish the ax~
Istence of scintiitation puises less than
0.18% RPH because of the nolse lavel.

The flrst bar of Flgs ! represents +this
questionable reglon. Several lodlne
doped samples appear In thls reglon, but
the hlstogram cleariy shows the necesslty
of lodide activation for scintillation.

Furthermore we see the effect of +he
additlonal presence of certain catlons.
The largest pulse helghts are conslistent-
ly observed in (Be,I) doped TICI, wlth a
maximum of 2.5% RPH obtalned. Llkewise,
(Cu,I) dopings show a3 conslstent responsa.
Large pulse helghts are observed with Bt,
Cd, Gd, B, NH4 dopants added with TIT to
TiCY. : .

We have ssesveral cases where the cat-
lon or secondary dopant Is used with and
wlthout I, CuBr and CuCl doped samples
respond In the nolse whereas Cul dopling
resutlts in significant scintiitation.
NHsC! doping is lneffective, but MNH
doped samples show strong scintiitation.
Doping with BeCip vyields very weak pulses
(a trace amount of lodlne contamination
Is suspected), but (Be,I) doping resuits
in the largest scintiliatlion pulse
helghts observed., We note the weak pulse
behavior of the dopant added as alementai
lodine with a wlde range of addlitlonai
catlon dopants. However, ths use of
BaCly with elemental lodine results
targe pulse helghts.

In

in Filg. 2 we show the Cs,37 FHHM
resoiution distributlion for crystals
whose photopeak spectrum could be cb-
tained., All crystais representad con-
taln fodlde doping.

As expected from the pulse haight
data of Flg., |, {(Be,I) doping shows a con-
slstently high resoiution. The othsr
strong scintitlators of Fig. | show good
rescliution, Thase resolutlion maasuras~
ments ars also lnflusncad by crystai
homogeneity, scintiliation asctivation

&



untformlity ond optlcal uniformlty,

Tho bost rosolutlon of 42% for the

Cs|37 . 662 Mov onorgy Is shown In tho
swogctrum In Fig. 3. A comparlson of the
spoctrum for a /2 ltnch by 1/2 Inch
veo,I) dopod TICI crystal and a /2 fnch
by | Inch Nal(Tt) crystal Is made In Flg.
4, At thoe top ls tho NaI(Ti) full pulse

helght response. We then attcnuate the
Nal(T1) response with a neutral density
fllter, attenuating the NaI(Tl) puilses to
amplltudes comparable to that of the
(Bo,I) dopod TiC! response shown at the
bottom, HNeoarly Identicel photomultiplier
and amplifler galns wore used wlth weak
scintillations for ldontical source geo=-
metry. Weo see the expected Increase In
the photofractlion even though the NaI(Tt)
crystal has twice the volume ot the TICH
{Be,I) crystali.

Flg. 5 compares the llnéar attenua-
tlon coafficlonts of TIC!, Nal and CsI
versus that of Pb. The large stoppling
power ot TICI
slstent with the spectra comparison of
Flg. 4.

Preliminary measurements Indicate an
tncreaso of pulse height 2t 77°K by a
factor of between three and four. How-
ever a large Increase In decay time Is
observed, approximately a factor of ten.
In the case ot the {B2,I) doped sample
whose resolution Is shown In Filag. 3, reso-
tution and pulse helight degradation lIs

0 observed upon cyclling betwean room
~wimperature and 77°K, The spectrum shown
in Fig. 4 |s the degraded responss.

Typlcal decay times of 0.20 + ,02
microseconds are measured as Incicated in
Table 2, obtalined from oscl!ioscope phote-
graphs of infegrated pulses,

The room temperature luminescence
spectrum for TiCi(Ba,I) was measured for
CobC gamma excitation with a Bausch and
Ltomb Spectromstar, 500 mm focal lengfnd
600 groove/mm grating blazed for 5000 A,
Iln order 7o obtaln sufflcient light out-
put, three crystais were couplied for the
measurement,

Curve | In Flg. 6 shows the room
temperature lumlinescence of TiCI(Be,I)
exclted by Cob%0 gamma rays. Shown for
comparlson aro the 364 mu excited lumlnos-
cence of pureo TICI 3t 77°K and 4°K re-
ported by Y. A. Sokoiov.3 There Is ex-
cellent agreaement In the peak amission
wavelengtn at 4650 A, This emission peak
for puro TICl has also been observed for
x=ray excltation at low temperaturcs."

Is clearly evident and con-.

“Discusslon of Rosults

The (Bo,I) activatlion of TICI| appoars
to produce arodificatlion of the Intrin-
slc tumlnescence centor normally opera-
tive at low temperaturos, Pure TIC{, at
tomporatuges above [70°K does not show
tho 4650 A omission3 which Is consistent
with the lack of room temperature scln-
tiliation I pure TICI.

Recombination lumlnescence at a
trapped holae after electron capture has
been proposed for the low temperature in-
trinsic luminescence of TiC{,3r426

_ Our results Indicate the necessity
of lodide activation of TICI for scintll-
lation. Furthermore, enhancement of the
scintillatlon efflclency results from
particular secondary dopants, such as 8e,

. We believe vacancy modificatlons of
Cl, 7 and 1CI~ 8 V centers In TICI(Be,I)
are responsible for the correslatlion of
our lumlnescence results wlth the lumin-
escence of pure TICI at low temperatures.
The enhancement effect of such catlons as
Be** can be reilated to thelr productlon
of Tl vacancles near I~ lons in doped
TICH, .

The Increased thermal stability of
these complexed molecular {on centers,”’
the greater hole locallzatlon with I™ and
favorable energy fransfer between T{% and
I- are significant In the scintliilation
process. Detalled investigatlionsof these
ldeas are In progress at our l{aboratory.

Continulng High Z Progran

lodide Ac*livarved
Is presently directed

Qur resesarch In
Thalllum Chiorlde
toward:obtalning:

{a) Larger voilume TICI scintifta-
tors of optical and activator uniformity
necessary for good energy resoifution at
hlgh energles.

(b) Greater scintiitiation efficli~
ency to make useful low energy. detectors.
where the ruggednsss. and large photo-
fractlon capabllity of TiC{ are excep-
‘tlonally attractive.

Large TiC1(Be¢,I) crystals ars pri-
marily & crystal growth program., Ffure
TICl crystals of good optical quailty
have beon grown to flve Inchas In dla=-
meter by four Inches long.® ODoped large
crystals pose additlonal growth complex~

Itles.
Scintiitatlon efticloncy |s affected
"by crystal growth and,doping Technlques

3s they relate, to crysis! quallty, lumin-



esconce conters, onergy transport and . Table I

quonching contors. Experimental and Oophnf Code'fc'Flg. |
thoorefical approaches are belng pursued.

The upper !Imlt for the scintilla- A “NH4I fa BeCl2
tion affliclancy may be smaill so that lo~ . [
dido activated TICI may only be used in . B. BiIg b LIF
high energy physics applications., How-
evor, untl) tho exlsternce of such a tHimit= C. 813 ¢ CuCN
atlon 1s proven, tho attempts %o Increase . ' ‘
the scintiftation efflclency wilf be ex- s] TIT d' ife + I2
tensive, ' '
E. cdI, e Mg+ I,
lodlde actlvated TIC! thus promises .
to be 2 now Importent and Interesting F. GdI3 £ NICIZ + 12
scintillator,
o 6. Cul g BN + 1,
etferences .
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Scinttllatlion docay times for
doped Thaliium Chiorlde crystals
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ABSTRACT

Measurements of Ki and neutron total cross sections are reporied
for C, Al, Cu, and Pb at average momenta of 9.0 GeV/c for Ki and 3.8
GeV/c for neutrons. Compariscn is made with the predictions of an

optical model calculation.



MEASUREMENTS OF Kﬁl'AND NEUTRON TOTAL

*
CROSS SECTIONS ON NUCLEI AT GeV ENERGIES

W. L. Lakin,' E. B. Hughes, L. H. 0'Neill,’ and J. N. Otis’
High Energy Physics Laboratory
Stanford University
Stanford, California
and
L. Madansky§

Stanford Linear Accelerator Center
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In this letter we report new measurements of the Ki and neutron
total cross sections on four selected nuclei at GeV energies. We com-
pare these measurements with the predicticns of the cptical model in

(1)

the high energy approximation. No previous measurements of Ki -
nucleus total creoss sections at GeV energies have been reporied.
Several measurements of neutron-nucleus total cross sections are avail-
able in the range 2.1 to 27 GeV/c,(2-7) but until recently these have
not displayed a convincing consistency with one another.' New measure-
ments of'neutrcn—nucleusﬁotal cross sections are clearly needed to
clarify this situation.

The experimen£ was performed at the Stanford Linear Accelerator

Center in a 30 secondary neutral beam produced by 16 GeV electrons

-



striking a beryllium target. A similar beam has been described by
Brody, et al.(S) and after suitable filtration is expected to consist
‘principally of Ki 's and neutrons. In the present experiment the
electrons struck the target in bursts of 0.3 nS duration at intervals
of 50 nS, which permitted a time of flight measurement on each Ki or
neutron detected. The neutral beam was collimated to an area

2.5 cm X 2.5 cm at a distancevof 95 meters from the production target
and, after passing through a sweeping magnet and clearing collimator,
was incident on the detector located a further 51 meters downstream.
This detector consisted of a sandwich of steel absorbers and plastic
scintillators and 1s indicated schematically in Fig. 1. The small
countérsl (T) provided a fast pulse which, together with a pulse
derived ffom the time structure of the electron beam, was used in the
time of flight measurement. Experience showed that this system
provided a timing resolution of 0.7 nS (FWHM) which, over the flight
path of 146 meters, corresponded to a maximum resolvable momentum of
~ 8 GeV/c for kaons and ~ 16 GeV/c for neutrons. The acceptance of
the detector was restricted to an area 7.6 cm X 7.6 cm, centered about
the beam axis, by a steel collimator located 2 meters upstream of the
detector. The targets under investigation were inserted into the beam
at a distance of 50 meters upstream of the detector at which point the
detector_subtendeda half-angle of 0.8 mR. Total cross sections were
measured in good geometry by rotating the fargets in and out of the
beam at about 1 minute intervals. This avoided the need for extreme
stability in the beam monitors, two of which were used: a current
integrator in the electron beam and a plastic scintillator in the

éeCOndary neutral beam.



The observed total cross sections are shown in Fig. 2 as a function
of time of flight. The cross sections were measured both with and
without an additional alumingm absorber inserted into the beam upstream
of the target. -The action of this absorber is to change the proportions
of kaons and neutrons in each timing interval and to change, therefore,
the apparent cross sections. It can be seen that the observed cross
sections at both large and small flight times reach values which depeﬁd
strongly neither on the flight time nor on the presence of the aluminum
absorber. (Some variation of the cross section with flight time is
expected even for pure Ki or neutron beams because of the energy
dependence of the elementary hadron-nucleon cross sections. This varia-
tion shéuld be more evident for short flight times due to the increasing
insensiti&ity of the flight time to energy as the energy increases.)
From this data we infer that, for flight times (relative to that for
y-rays) shorter than ~ 1.9 nS, the beam consists primarily of Ki 's
and that, for flight times longer than ~ 9.0 nS, the beam is esseﬁtially
pure neutrons. These flight times correspond respectively to kaon
momenta larger than 5.4 GeV/c and to neutron momenta smaller than
4.8 GeV/c. These conclusions a?-e in essential agreement with expecta-
tions based on the kaon and neutron momentum distributions reported by

Brody, et al.(a)

However the rate of accumulation of events at short
flight times indicates a kaon flux smaller than that reported by
Brody, et al., by a factor of approximately 5.

We consider first the Ki total cross sections which can be

obtained from the data in the flight time interval less than 1 nS. The

cross sections were computed using each of the two monitors and the
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results differed by less than O.l%.‘ The background rate in the detector

- was measured and found to be negligible (~ 0.1%). There are two sources
of systematic érror, both of which can generate an admixture of neutrons
in the accepted timing interval. First, slow neutrons produced in
earlier pulses will be accepted if their flight times are integral multi-
ples of 50 nS longer than those of the high energy kaons. This contribu-
tion can be reliably estimated from those events which occur several nano-
seconds before the fast kaons which indicate an admixture of ~ 3%. Second,
fast neutfons with momenta greater than ~ 14 GeV/c will fall within

the accepted timing window. A priori, since the energy of the electron
beam is.only 16 GeV/e, one would not expect the number of such neutrons
to be large. In fact, using an extrapolation of the momentum distribu-

(8)

tions given by Brody, et al., the admixture of fast neutrons is
expected to be only about 1%. The total admixture however can be
estimated from the date of the present experiment itself, from a éom—
parison of the cross sections observed with and without the aluminum
absorber inserted. If, for example, the neutron admixture were zero,
then one would not expect to sée any significant change in the measured
cross section when the aluminum absorber is withdrawn. The estimate
can be made as follows:

The ratioc R of the observed‘to the true Ki cross section

can be written in terms of the neutron cross section and the detected

neutron/kaon intensity ratio X , with the aluminum absorber inserted,



according to the equation

1+X
R o= 1+ &z( — (1)

a -(a_-a_)
X \l + Xe K

where 8y and a, are the target thickness expressed in Ki' and

neutron interaction lengths, fespectively. We can then write the

following equation for X, _
aK(R-l)
e

(2)
(a,R-a )
l-e¢e
k4
and a similar equation for X , the neutron/kaon intensity ratio with the

’
aluminum absorber withdrawn. Since X and X are small their values

depend little on an but are very sensitive to aK . The difference

. , '
M = X - X, however, is insensitive to aK . Accordingly, we compute
AX  for each target and obtain an average value of AX = 0.07 £ 0.0k,

Moreover, we know that the effect of the aluminum absorber should be to
attenuate the neutron flux relative to the kaon flux by a factor wgich
depends upon the relative cross sections and the absorber length. The
precise absorber length is unknown, since it consisted in part of a
complex aluminum frame, and is best inferred from its effect on the
ocbserved rate at flight times either shorter than 1.9 nS or longer
than 9.0 nS. We choose the latter since this result should be insensi-
tive to fluctuations in the timing resolution. 1In this way, using as
first estimates of the Ki and neutron cross sections theAvalues
observed at short and long flight times respectively, we find that the
effect of the aluminum absorber should be to attenuate the neutron flux

#

by a factor of 1.42 relative to the kaon flux, i.e., X = 1.L2 X .
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From these two relations we conclude that X = 0.17 % 0.09 Similarly,
if-we repeat this calculation using the apparent cross sections in the
flight time intervals 1.0 - 1.9 nS and 1.9 - 3.0 nS, we obtain values
of X = 0.01% 0.09 and 0.60 * 0.17, respectively. These results
suggest that, with the aiuminum absorber inserted, significant numbers
of neutrons are present only for flight times longer than about 1.8 nS.
The mean value of X for flight times shorter than 1.8 nS, after
subtracting the slow neutron admixture, is X = 0.06 * 0.06, and we
use this number as our best estimate of the fast neutron admixture for
flight times less than 1.0 nS. The observed Ki cross sections given
in Table 1 are taken solely from tﬁe data with the aluminum absorber
insertea. They are corrected only for a 3% admixture of slow neutrons.
The statistical and systematvic errors are shown separately, the latter
reflecting a possible 6% admixture of fast rneutrons. No significant
correction 1is recessary for the small amount (5 0.9%) cf diffraction
scattering accepted by the detector.

Next we ccnsider the rneutron total cross sections which can be
obtained from the data in the flight time intervals 9-12 nS ard 12-18 nS.
These intervals correspond, respectively, tc neutron momenta in the ranges
h.2 - 4.8 GeV/c and 3.4 - 4.2 GeV/c. The observed cross sections are
inciuded ir Fig. 2. From these data there is no significant evidence
for a change 1n the measured cross section either with flight time or
beam condition. The survey informatsion of Brody, et al., suggests that
the kaon admixture in these timing intervals should be ~ 10%. It can,
kowever, be larger or smaller, depending upon the variation with flight

time of the relative efficiency for the detection of kacns and neutrons.
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We conclude that the error introduced into the cross section by a
possible kaon admixture is negligible in comparison to the quoted
- statistical error. We therefore combine all the data in the flight time
interval 9 - 18 nS for both beam conditions in arriving at the neutron
cross sections given in Table 2. In principle, a correction is also
necessary for the admixture of antineutrons in the beam. The yield of
antiprotons relative to protons has been measured at SLAC,(9) and in
the range 3.4 - 4.8 Gev/c is approximately 3%. Using the optical model
and the elementary-antiproton cross sections, we find that a 3% admixture
of antineutrons should induce a change of only 0.6% in the measured
neutron cross sections. This correction is small in bomparison to the
measured statistical errors, and has not been applied to the cross sec-
tions given in Table 2. |
FPinally, we compare the cross sections observed in the present

experiment with those computed from the optical model and, where
possible, with the results of previous experiments. According to‘the
optical model, in the high energy approximation, the Ki total cross
gection is determined by the forward scattering amplitudes of the
elementary kK° and Ké —nucleén interactions and by the spatial extent
of the nuclear potential. The cross sections predicted by the optical
model are shown in Table 1. The elementary kK° and KB_ cross sections
were obtained using charge independence, from published K+ and K -

(10)

nucleon cross sections, and ratics of real to imaginary parts of the

forward scattering amplitudes were taken from dispersion relation cal-

(11)

culations. The nuclear potential was assumed to follov the charge

(12)

distributions found in electron scattering experiments. The errors



attached to the computed cross sections are determined by the errors in
the elementary cross sections and ip the ratios of the real to the
imaginary parts of the elementary amplitudes. 'Within the accuracy of
the present experiment and the uncertainty in the optical model calcula-
tion, the measured Ki cross sections are in agreement with the pre-
dictions of the optical model.

Figure 3 shows previous measurements of neutron-nucleus total cross
gsections together with those deduced from the present experiment as a
function of neutron momentum. Also in this figure we show the cross
sections computed from the optical model. In this calculation the
elementary neutron-nucleon cross sections were taken from the measurements

of Bugg, et al.,(l3)

and ratios of real to imaginary parts of forward
e . - ) . . ) (1)
scattering amplitudes from dispersion relation calculations. The
nuclear potentials used are the same as those previously described for
o} L L .
the KT calculation., The optical model results are alsc sheown in
-
Table 2. The indicated errors derive from present uncertainties in the
elementary scattering amplitudes. The results of the present experiment

are in good agreement with the cross sections calculated from the optical

model, as are the previous measurements at 2.1, 5.7 and 10 GeV/c.
) 2

ACKNOWLEDGEMENTS
We are indebted to Professor 0. Kofoed-Hansen of CERN for discussions
on the optical model calculation, to the staffs of the Stanford Linear
Accelerator Center and the High Energy Physics lLaboratory, in particular
Mr. ¥. T. Halbo, Mr. R. L. Parks, Mr. L. G. Doster, and Mr. R. P. Hermann,

for their cooperation throughout the running of this experimsnt and to

8



Professor R. Hofstadter, Director of the High Energy Physics Leboratory,

for his interest in and support of this work.



TABIE 2

Total cross sections (mb)
Target Observed Predicted
Carbon 369 = 7 L x5
Aluminum 666 £ 16 678 £ 9
Copper 1331 £ 17 1357 £ 17
Lead 3071 = 79 3118 = 33

A comparison between the cbserved and calculated neuiron-nucleus

total cross sections. The average neutron mementum is 3.8 GeV/e.
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FIGURE CAPTIONS

Fig. 1. A schematic drawing of the K® detector.

Fig. 2. The measured total cross sections versus flight time for the
two .beam conditions.

Fig. 3. A summary of existing measurements of neutron-nucleus total

| Cross seétions versus neutron momentum. Measurements have
been made on certain other nuclel but for clarity are not
showrnn. Tne solid lines show the results of the optical model

‘calculation.
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